Objective-To examine the effects of pacing modes on the interaction between the left ventricle and arterial system in humans.
Abstract
Objective-To examine the effects of pacing modes on the interaction between the left ventricle and arterial system in humans.
Design-The slope of the end systolic pressure-volume relation (end systolic elastance), effective arterial elastance, the ratio of effective arterial elastance to end systolic elastance, and mechanical energy efficiency were compared under different pacing modes (atrial, atrioventricular, and ventricular).
Patients-Nine male patients with sick sinus syndrome who had cardiac catheterisation for diagnosis and to see whether they needed a pacemaker.
Interventions-A conductance catheter with tip-manometer was inserted into the left ventricle to obtain pressurevolume loops, and two pacing catheters were inserted into the right atrium and into the right ventricle respectively.
Results-End systolic elastance was lower in atrioventricular pacing than in atrial pacing, but effective arterial elastance was not significantly different. End systolic elastance was lower in ventricular pacing than in atrioventricular pacing, and effective arterial elastance was higher in ventricular pacing than in atrioventricular pacing. Consequently the ratio of effective arterial elastance to end systolic elastance was lowest in atrial pacing and highest in ventricular pacing, and mechanical energy efficiency was highest in atrial pacing and lowest in ventricular pacing. Conclusions 
where Ea is the effective arterial elastance, Pes the left ventricular end systolic pressure, SV the stroke volume, Rc the characteristic impedance, R the arterial resistance, and T the duration of one cardiac cycle.
In this study, heart rate was fixed at 90 beats per minute to keep T in equation (2) Volume (ml) Ees = 1-6 mm Hg/ml Ea = 1-7 mm Hg/ml Eff = 59% 150 Volume (ml) Ees = 1-2 mm Hg/ml Ea = 2-1 mm Hg/ml Eff = 51% pressure-volume relations obtained during occlusion of the inferior vena cava and atrial pacing. End systolic elastance and mechanical energy efficiency were lower during atrioventricular pacing than during atrial pacing (B). End systolic elastance and mechanical energy efficiency were lower and effective arterial elastance was higher in ventricular pacing than in atrioventricular pacing (C). (fig 2A) (p < 001) and effective arterial elastance was similar during both modes ( fig  2B) . Therefore, the mean ratio of effective arterial elastance to end systolic elastance was greater ( fig 3A) and mechanical energy efficiency was smaller ( fig 3B) during atrioventricular pacing than during atrial pacing.
During ventricular pacing end systolic elastance was lower (p < 005) (fig 2A) and effective arterial elastance was 23% higher (p < 001) than during atrioventricular pacing ( fig 2B) . Thus the mean ratio of effective arterial elastance to end systolic elastance was greater ( fig  3A) and mechanical energy efficiency was less ( fig 3B) The ratio of effective arterial elastance to end systolic elastance, the index of ventriculoarterial coupling, was lowest during atrial pacing and was highest during ventricular pacing. As a result, mechanical energy efficiency was highest in atrial pacing and lowest in ventricular pacing.
Earlier studies showed that the pressurevolume area represents the total mechanical energy generated by ventricular contraction. 45 The efficiency of energy transfer from ventricular oxygen consumption to external work can be divided into two steps: the efficiency of energy transfer from ventricular oxygen consumption to the pressure-volume area and the efficiency of energy transfer from pressurevolume area to external work.3132 The second step represents mechanical energy efficiency and we found that the efficiency of the second step was reduced by dyssynchrony of ventricular contraction and absence of atrial contraction. These results suggest that dyssynchronous ventricular contraction and absent atrial contraction waste energy and produce an energetically poor coupling between the left ventricle and the arterial system. We did not measure ventricular oxygen consumption so the effect of dyssynchronous ventricular contraction or absence of atrial contraction on the first step of energy transfer is unknown. STUDY 
LIMITATION
The study population was small. The trends showrn by the results were so clear, however, that we believe the conclusion of this study will not be affected by increasing the sample size.
ISecondly, the end systolic pressure-volume relation in dogs was non-linear. We used a linear approximation of the end systolic pressure-volume relation to determine end systolic elastance in this study.
Thirdly, Boltwood et al reported difficulties in measuring "absolute" left ventricular volume by a conductance catheter.38 But they also said that their data did not exclude the possibility that a conductance catheter can give a useful measurement of "relative" left ventricular volume over a range of haemodynamic states. Furthermore, the reliability of the measurement of left ventricular volume and of the end systolic pressure-volume relation by the conductance catheter has been validated by several groups,73940 and also by us.'6 Burkhoff raised some questions about Boltwood et al's results.4' Thus we think that possible errors in the determination of left ventricular volumes with the conductance catheter are unlikely to affect the conclusion of our study.
Fourthly, atrioventricular delay can affect the results of this study. Iwase et al described the effects ofatrioventricular delay on cardiac function. 42 Finally, we used effective arterial elastance as the index of afterload in this study and we did not take account of the influence of wave reflection in the arterial system on afterload because effective arterial elastance is developed on the basis of the three element Windkessel. Because we did not measure instantaneous arterial pressure we have no data on systemic arterial resistance and wave reflection. This precludes our assessing the relation between the changes in systemic arterial resistance and wave reflection and the changes in effective arterial elastance. However, Pepine et al and Murgo et al showed that peripheral resistance accounts for more than 90% of aortic input impedance and wave reflection for less than 5% ." 50Burkhoffand his colleagues showed that the Windkessel model gave a reasonable representation of afterload.5' Sunagawa and his colleagues showed that most of the effects of afterload on stroke volume depended on peripheral resistance." They also showed that effective arterial elastance correlated linearly with the ratio of total resistance (the sum of the arterial resistance and characteristic impedance) to the duration of one cardiac cycle," and that the linear relation between end systolic pressure and stroke volume was seen under the same arterial impedance properties modelled in terms ofa three element Windkessel. " Thus we think that the changes in effective arterial elastance reflected the changes in afterload, and we used such changes to assess the changes in ventriculoarterial coupling.
CLINICAL IMPLICATION
Our study showed that end systolic elastance was lower during atrioventricular pacing than during atrial pacing and that end systolic elastance was lower and effective arterial elastance was higher during ventricular pacing than during atrioventricular pacing. Therefore mechanical energy efficiency was highest in atrial pacing and lowest in ventricular pacing. We conclude that dyssynchronous ventricular contraction promotes a reduction in cardiac contractility and modifies ventriculoarterial coupling to reduce mechanical energy efficiency. A lack of atrial contraction promotes a reduction in cardiac contractility and an increase in afterload, thus modifying ventriculoarterial coupling to reduce mechanical energy efficiency. These findings show that the pacing mode influences the interaction between the left ventricle and arterial system and that an atrial contraction and synchronous ventricular contraction are important in the optimisation of ventriculoarterial coupling. Rosenqvist et al found a significantly higher incidence of congestive heart failure and mortality in patients with ventricular pacing than in patients with atrial pacing.54 Alpert et 
